Shearing force measurement device with a built-in integrated micro displacement sensor  by Iwasaki, Takuma et al.
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The  measurement  of shearing  force  is  increasingly  important  in the  detection  of slipping and  the  mea-
surement  of  friction.  In  this  paper,  we  propose  a promising  shearing  force  measurement  device  that  is
16.3  mm  ×  2.9 mm  ×  6.0  mm,  using  an  integrated  micro  displacement  sensor  and  a trapezoidal  external
metallic  frame.  The  optoelectronic  subsection  of  the  sensor  is  6.5  mm  × 6.5 mm,  and  is  1.6  mm  thick.  This
subsection  is  used  to  measure  the tilt  angle  of  a mirror  on the  ceiling  of  the  frame  caused  by the shear-
ing  force  applied  to the upper  surface  of  the  frame.  We  have  been  able  to  successfully  obtain  a  linear
output  change  for a  single  axis shearing  force,  and determined  that  the measurement  sensitivity  differseywords:
edsore
isplacement sensor
riction
obot hand
largely  due  to the material  and  shape  of  the  frame.  Therefore,  if  these  factors  are  known  this  device  can
be embedded  in  various  applications.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-SA
license  (http://creativecommons.org/licenses/by-nc-sa/3.0/).ptical MEMS
hearing force
. Introduction
The accurate measurement of shearing force is effective to cap-
ure the slip phenomenon. In addition, shearing force is related to
riction and varies with slipping. The friction also changes before,
uring, and after slipping. A relatively ﬁne time resolution of the
rder of milliseconds is required to measure changes in friction
orce [1]. Therefore, the shearing force must be obtained by rapid
ensing. The post processing of the sensing output is a simple calcu-
ation which does not require a computer. Currently, optics-based
hearing sensors are not sufﬁcient [2] from a speed of response
iewpoint. It is expected that slip can be detected and the opti-
um grip force of a robot gripper can be determined by exploitinghis phenomenon. In addition, it has been reported that friction
etween a bed and human skin is one of the primary causes of bed-
ores, which leads to ischemia [3]. By embedding a sensor that can
easure shearing force in a bed, it is possible to prevent bedsores
nd design a bed shape that is optimized to minimize damage to the
∗ Corresponding author.
E-mail address: 3sl13019y@sls.kyushu-u.ac.jp (T. Iwasaki).
1 Tel.: +81 93 571 6026.
2 Tel.: +81 93 695 3600.
ttp://dx.doi.org/10.1016/j.sna.2014.09.029
924-4247/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unuser’s skin. The measurement of shearing force allows the gripping
of an object with minimal grasping power in order to avoid slip-
ping while minimizing undesirable shearing forces that cause skin
to stretch and compress.
There have been several reports of sensors that can measure
shearing forces using MEMS  (Micro Electro Mechanical Systems)
that use piezoresistors, capacitors, or strain gauges [4–7], optical
elements [2,8–10], or piezoelectric devices [11]. MEMS  shear-
ing force sensors beneﬁt since computational requirements on
the central workstation can be decreased due to the integration
of electronic circuits within the sensor chip itself [7]. However,
these sensors have the disadvantages of being fragile and inﬂex-
ible. For example, the measurement range of a tactile sensor
pixel using a capacitance change is only 0.01 N [6]. The sen-
sor surface must be soft in order to allow human contact when
embedded in robot hands and beds. Optical shearing force sen-
sors, especially CCD-based sensors [8], are bulky and complicated
systems [12], while piezoelectric based devices tend to experience
response hysteresis and are affected by temperature and process
variations [13].
In this study, we  present a novel shearing force measurement
device combining a trapezoidal external metallic frame with an
integrated micro optical displacement sensor [14–16] fabricated
der the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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sing MEMS  technology. In our previous work, we developed
he micro displacement sensor using one vertical cavity surface
mitting laser (VCSEL) and various photodiodes (PDs) integrated
onolithically. This sensor could measure the linear displacement
nd biaxial tilt angle of an object, and was ideal for downsizing
n comparison to previously reported laser displacement sensors.
he VCSEL differs from a normal laser in that the beam is emit-
ed perpendicular to the chip surface. In addition, it offers lower
roduction costs and power consumption, with superior integra-
ion capabilities [17]. A combination of a laser displacement sensor
nd an external deformable frame enables a wide range of shear-
ng force measurement since the external frame can be selected
rom materials with varying stiffnesses. Furthermore, the friction
oefﬁcient between the objects to be caught and the shearing
orce sensor can be changed according to the desired application.
ur proposed shearing force measurement device has many fea-
ures. Firstly, the displacement sensor beneﬁts from a very simple
tructure and is relatively small (6.5 mm × 6.5 mm)  with the wire
eing carried to one side of the sensor unlike other optical shear-
ng sensors [10]. This allows simple embedding in grippers and
ther applications. Secondly, the sensor relies only on changes
n optical intensity; therefore it is not susceptible to electromag-
etic interference from noise compared with the sensors which
se electrical change [10] and has a number of advantages such
s high sensitivity and a wide dynamic range [10]. Thirdly, we
an overcome sensor fragility – one of the shortcomings of MEMS
evices – by protecting the sensor chip with the external frame.
hen measuring the friction applied to human skin, the sensors
ust have a soft surface in order to prevent harm to the skin
18]. Therefore, our device will be embedded in a soft material.
e can expect to alter the measurement range and sensitivity
f our device by only modifying the shape of the external frame.
inally, it may  also be possible to develop a sensor that can mea-
ure both shearing force and normal load together by using the
imilar measurement principle. It is usually difﬁcult to simultane-
usly measure shearing force and normal load because the output
haracteristics for the shearing force change when a normal load is
pplied, and vice versa. While several other shearing force devices
an measure shearing force only when a normal load is applied,
ur device can also measure shearing force when a normal load
s not applied. It is expected that our device is more suitable for
pplications in a larger ﬁeld. The purpose of this study is to demon-
trate the measurement of single axis shearing forces using our
isplacement sensor, and compare experimental results with sim-
lation results using four types of trapezoidal shaped external
rames.
ig. 2. View of the integrated micro displacement sensor (3 mm × 3 mm,  and 0.7 mm thicFig. 1. The complete schematic for the shearing force measurement device that
consists of a displacement sensor and a trapezoidal frame.
2. Sensor principle
Our shearing force measurement device is realized by combin-
ing a laser displacement sensor with a trapezoidal external frame.
The schematic of the shearing force sensor is shown in Fig. 1. The
displacement sensor is covered by the frame and embedded in a
soft material.
The laser displacement sensor consists of four photodiodes
monolithically integrated on the silicon chip with an area of
3000 m × 3000 m and 700 m in thickness. The VCSEL chip
is bonded on the center of the silicon chip as shown in Fig. 2.
The monolithically integrated PN junction PDs are concentrically
formed. The diameter of each PD is 120 m and the distance from
the center of the VCSEL to the center of each outer PD is 800 m.
The wavelength, beam power, and mode of the VCSEL are 850 nm,
2.2 mW,  and single mode, respectively. The power consumption of
the VCSEL and the ampliﬁer are 20 and 10 mW,  respectively. The
silicon chip is covered by a plastic case with a covering glass. The
total area is 6.5 mm × 6.5 mm and is 1.6 mm thick, as shown in Fig. 3.
The diverging light emitted from the center of the VCSEL is incident
on the PDs after being reﬂected from the mirror chip attached to
the ceiling of the trapezoidal external frame, as shown in Fig. 1.
The individual concentrically formed photodiodes generate elec-
trical current according to the intensity of the received beam. The
electrical current from each PD is ampliﬁed and converted into a
voltage by a circuit on the board shown in Fig. 4. The block diagram
of the circuit of each PD is shown in Fig. 5.
k). (a) Photograph of the sensor tip, and (b) schematic view of the sensor structure.
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Sig. 3. Overall view of the structure of the displacement sensor that measures linear
isplacement and the biaxial tilt angle with one VCSEL, four PDs, and a mirror.
The laser displacement sensor can measure linear displace-
ent and the tilt of the mirror chip attached to the ceiling of the
eformable frame [14–16]. The results obtained when changing the
ilt angle of the mirror with a translation stage are shown in Fig. 6.
ariation in the tilt angle of the mirror move the reﬂected beam
istribution direction, as shown in Fig. 6(b) and (c). This causes a
ifference in the PD intensities. The results obtained when chang-
ng the tilt angle of the mirror with a translation stage are shown
n Fig. 7. The distance between the sensor chip and the mirror was
.0 mm,  which is the same as the distance from the mirror on the
eiling of the frame to the sensor chip. The output is given as
x = PA1 − PC1PA1 + PC1
(A.1)
Fig. 4. Photograph of the board. (Fig. 5. Block scheme of the ampliﬁer circuit on board.
Sy = PB1 − PD1
PB1 + PD1
, (A.2)
where PA ∼ PD are the outputs of PD-A ∼ PD-D, respectively, which
are the voltages after ampliﬁcation.
The beam receiving intensity of each PD is calculated by
P(x, y) = 2Pmax
ω2
Exp
[
−2
{
(x − x′)2
ω
+ (y − y′)
2
ω
}]
, (B.1)
ω = z tan
(
ϕ
2
)
, (B.2)
Pmax: beam power (2.2 mW),
ω: radius of reﬂected beam distribution
x, y: coordinates of the arbitrary point,
x′, y′: central coordinates of reﬂected beam distribution,
z: distance between mirror and optoelectronic part, ϕ: divergence
angle of beam (14.2◦).
where P(x, y) is the beam receiving intensity at an arbitrary point
on the optoelectronic subsection. The intensity of each PD is calcu-
lated by assigning the values of the coordinates to these formulas.
The coefﬁcient in (B.1) is canceled by dividing the difference of the
outputs of two PDs by the sum of them. Therefore, Sx and Sy are
unaffected by the variation of the beam power Pmax  caused by dis-
turbances such as temperature change. It should also be noted that
this sensor has another set of four photodiodes PA2, PB2, PC2, and
PD2 150 m from the four concentrically formed photodiodes in
the radial direction. Even if the beam proﬁle including the diver-
gence angle ϕ changes due to, for example, temperature variation or
degradation, the inﬂuence of the changing proﬁle can be removed
by keeping the difference of adjacent photodiodes, that is PJ1–PJ2
(J = A, B, C, and D), constant as no shearing force is applied. The
difference can be kept by adjusting the gain of the ampliﬁer.
In the case of x- or y-axis rotations, Eqs. (A.1) or (A.2) are used,
respectively. For example, when the mirror tilts clockwise, as in
a) front side, (b) back side.
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Fig. 6. Side view of the sensor and image of the beam distribution on the sensor chip: (a) linear displacement, (b) default position, and (c) tilt.
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ig. 7. Relationship of output Sy and the mirror tilt angle  in the experiment.
ig. 6(c), the intensities of PD-B PD-D increase and decrease, respec-
ively. Therefore, the output Sy increases. Observation of the region
here Sx and Sy change linearly allows us to determine the tilt
ngle. The measurement range of the tilt angle is approximately
1◦. This range is determined by the divergence angle of the beam,
nd the angle of the VCSEL, which is 14.2◦.
If a single axis shearing force is applied to the upper surface
f the external frame with the mirror attached to the ceiling of
he frame, the frame is deformed and the mirror tilts, as shown
n Fig. 8. A measurement of the tilt angle of the mirror using the
isplacement sensor allows the shearing force to be determined.
ig. 8. Conceptual diagram of the shearing force sensor. (a) Default position, and (b)
hearing force applied.Fig. 9. Dimensions of the trapezoidal external frame we used in the experiment.
The measurement range of the shearing force is determined by
the stiffness of the external frame. The shearing force sensor can
measure the shearing force while the tilt angle of the mirror gen-
erated by the deformation of the frame is within the measurement
range of the displacement sensor, or until the frame reaches plastic
deformation. The response speed of the device is determined by
the signal processing time and the response speed of the electrical
circuit.
3. Simulation and experiment
3.1. Method
In order to ensure that a single axis shearing force can be mea-
sured using the principle described in the previous sections, we
conducted a simulation and an experiment using two  types of
trapezoidal metallic frames, as shown in Fig. 9 and Table 1. In
addition to the physical experiment, we  simulated the deforma-
tion of the frames for shearing force using the FEM (Finite Element
Method) in COVENTORTM. We designed the 3D models depicted
in Fig. 9 and applied shearing force increments of 5 N. We  then
Table 1
Material of each frame.
Material Young modulus
a Stainless (SUS304) 197 GPa
b  Copper (OFC) 128 GPa
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increases linearly with the shearing force as in Fig. 12. The gradi-
ent depends largely on the material of the frame. The ratio of the
gradients for copper frames and stainless steel frames is 1.49. The
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Frame (a)
Frame (b)Fig. 10. Photograph o
easured the tilt angle of the mirror. In Fig. 10 the experimen-
al setup is shown. The displacement sensor is positioned on a
oard, and is covered by the frame which has a rectangular area
f 14 mm  × 6 mm,  and is 0.5 mm thick with a height of 3.4 mm.
he thickness of the corners of the frames is 0.1 mm.  The VCSEL
riving current was 5 mA  and the PD ampliﬁer driving voltage was
.00 V. Application of a shearing force to the upper surface of the
rame was accomplished by pulling an attachment on the frame
ith weights through a pulley. Firstly, we got the data from the
ensor for 10 s without the weight, then we averaged it. Secondly,
e put the weight of 125 g on a saucer and averaged the data as
ell, then removed the weight and averaged the data. After we
epeated this operation 3 times, we went to the next step, that is
he weight of 250 g. We  continued this operation every 125 g. We
sed 9.8 m/s2 as gravity acceleration. The frame is designed to be
eformed only at the corners with notches. Eq. (A.2) was  used to
alculate the output of the sensor.
.2. Results
In Fig. 11 the simulated relationship between the shearing force
nd tilt angle of the mirror on the ceiling of the frames is shown.
he tilt angle of both types of the frames increases linearly with
hearing force, and reach 0.1◦ when the shearing force is around
5 N. That means the tilt angle in both frames is within the mea-
urement range of the displacement sensor until around 15 N. In
ig. 12 the relationship between the output Sy and shearing forcexperimental system.
is shown, and is estimated by multiplying the gradients of output
changes in Fig. 11 by the gradient of the linear area in Fig. 7 which
is the experimental result of the tilt angle. Naturally, the output Sy0 5 10 15 200
Shearing force  [N]
Fig. 11. Relationship of shearing force F and mirror tilt angle  in the simulation.
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Fig. 13. Relationship of shearing force F and output Sy.  (a) Stainless steel frames, andig. 12. Relationship of shearing force F and output Sy given by Eq. (A.2) and the
imulation.
oung’s modulus of stainless steel and copper is 197 and 128 GPa,
espectively, the ratio of which gives 1.54 and is almost the same
s the above two values. The ratio of the gradients.
The experimental results of the stainless steel frames (blue
oints) and copper frames (red points) are shown in Fig. 13(a)
nd (b), respectively. The optoelectronic part of the sensor meas-
res the tilt angle of the mirror on the ceiling of the external
rame, therefore the output Sy is shown by the Eq. (A.2) in this
xperiment. The closed circles mean the output when the shear-
ng force was applied, and the open circles mean the output when
he shearing force was removed, which should return to 0. As
hown in Fig. 13, the outputs Sy of both frames increased almost
ike the simulation results until 8.75 and 3.75 N, respectively, then
ncreased exponentially. Besides, the bigger the shearing force, the
igger the output Sy of frame (a) when the shearing force was
emoved. The sensitivities of the linear area are 1.37 × 10−3 N−1
nd 2.16 × 10−3 N−1,respectively. The precisions are 13.3 and 7.44%,
hich is the worst value of the ratio of standard variation and aver-
ge value of the 3 times, and the SNRs are −7.29 and 18.4 dB [19]
or the respective frames in Table 1. These values depend on the
trength of the noise in the circuit. The experimental ratio of gradi-
nts for copper and stainless steel frames is 1.58. This is very similar
o the ratios of the simulation results and the calculated result based
n Young’s modulus, 1.49 and 1.54, respectively.
. Discussion
In this work, the sensor outputs Sy increased linearly within a
ange; therefore we expect to be able to measure the magnitude of
he applied single axis shearing force using this linear relationship.
n addition, it can be said that this range is the measurement range
f this frame. When shearing force is applied in a direction opposite
o that used in the experiment, the mirror should tilt in the opposite
irection and the output value decreases linearly. Therefore, we can
etect the direction of the shearing force.
The gradient of the output response, that is the sensitivity, and
he measurement range depends largely on the material of the
rame. Therefore, we may  be able to vary them by only altering the
aterial of the frame. In addition, the ratios of the gradients of cop-
er and stainless steel frames are similar to the simulation results
nd the ratio of Young’s modulus. It is found from these results that
he gradient of the output change of the shearing force is almost
roportional to the Young’s modulus of the material of the frame.
herefore, the gradient – that is the sensitivity of the shearing force(b)  copper frames. (For interpretation of the references to color in text, the reader
is  referred to the web  version of the article.)
– can be determined easily. Besides, the gradient is also expected
to shift when the thickness of the frame, especially that of the
corners, change. The sensor output is expected to increase more
sharply as the thickness of the corners gets thin. We can also use
soft materials instead of the metallic frame, such as rubber and
synthetic resin. Frames with thinner corners and softer materials
are better when a smaller shearing force is to be measured. In the
case of soft materials, column-shaped structures like that shown in
Fig. 14 are better to use than trapezoidal shapes since trapezoidal
shapes are easier to collapse than columns due to forces in addition
to the shearing force. Moreover, we  can also use a convex or con-
cave mirror instead of ﬂat mirrors. When we use a column-shaped
frame which does not have diagonal sections, the mirror on the
ceiling of the frame may  not be tilted by the applied shearing force.
Therefore, we can measure the shearing force using the change in
gradient at the reﬂection points of the beam with the horizontal
displacement of a convex or concave mirror, as shown in Fig. 15.We  could get linear increase of the sensor output Sy,  however,
the output of frame (a) did not return to 0 within the measure-
ment range when a shearing force was  removed. It is possible that
T. Iwasaki et al. / Sensors and Actuators A 221 (2015) 1–8 7
Fig. 14. Displacement sensor covered by a column-shaped rubber.
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ators A: Phys. 54 (June (1–3)) (1996) 505–510.ig. 15. Change of reﬂected beam by horizontal displacement of a concave mirror.
he corners of the frame yielded gradually as the shearing force
ncreased, then it yielded completely when the shearing force was
.75 N. Therefore, the actual measurement range of this frame may
e 0–2.5 N. We  should improve the range by changing the thick-
ess and the shape of the frame. As for the frame (b), that is copper
rame, the output Sy returned to around 0 until 3.75 N.
The response speed depends primarily on the electric circuit,
ince it is based on the output of the four photodiodes and a simple
alculation using Eqs. (A.1) and (A.2). The responsiveness is 700 kHz
nd can be improved by changing the electric circuit into an IC
n which the preliminary operational ampliﬁer is monolithically
ntegrated with the photodiode on the silicon wafer. The 700 kHz
esponsiveness is possible for the friction mechanism because the
equired response speed is 1 ms.
Almost all deformations of the trapezoidal frame to which the
hearing force is applied are designed to occur at the notches of the
orners. Therefore, we expect to be able to simultaneously mea-
ure the normal load by using the principle of the measurement of
he linear displacement if the upper side of the trapezoidal shaped
rame is ﬂexible enough to be deformed by pushing. The measure-
ent range depends on the shape of the diverging light emitted
rom the VCSEL, the stiffness, and the size of the external frame.
s the distance between the mirror and the sensor changes, the
utput of all PDs change, as shown in Fig. 6(a) and (b). In Fig. 16
he relationship between the distance and the output S is shown,
here
 = PA + PB + PC + PD. (C.1)
PA ∼ PD are the outputs of PD-A ∼ PD-D, respectively, which are
he voltages after ampliﬁcation.
When the mirror is close to the sensor, the light distribution
n the silicon chip is small, and only a small amount of the
eﬂected beam enters the PDs. As a result, the output S is small.Fig. 16. Relationship of output Sy and distance Z between the mirror and the sensor
in the experiment.
As the mirror moves away from the sensor, the reﬂected beam
distribution becomes larger and the intensity at the PDs increases
proportionally. Therefore, the output S increases monotonically,
peaking when the center spot of the reﬂected beam enters the
PDs. The output S then decreases monotonically as the intensity
weakens. The sensor can be used to measure linear displacement
of the mirror, that is, the normal load, by using the two monotonic
regions of the graph. We  may  also expect to measure the in-plane
shearing force by applying the principle of this paper and designing
an external frame to deform in all directions; for example, stacking
a trapezoidal frame on another trapezoidal frame turning 90◦ in
a horizontal plane. In other words, our device may  be expected to
measure forces in all directions.
5. Conclusion
In this paper, we  have proposed a novel shearing force measure-
ment device that is 16.3 mm  × 2.9 mm × 6.0 mm and succeeded in
obtaining a linear output change for a single axis shearing force. The
device combines a trapezoidal metallic external frame, which has
a mirror on the ceiling, and an integrated 6.5 mm × 6.5 mm square,
1.6 mm thick micro optical displacement sensor fabricated using
MEMS  technology. The device measures the magnitude and direc-
tion of a shearing force by measuring the tilt angle of the mirror
caused by the shearing force with one VCSEL and four detection PDs.
In addition, we have succeeded in changing the sensitivity and mea-
surement range of the output by altering the material of the frame.
As a result, our shearing force sensor is effective for elucidating
the mechanism of friction, due to its high temporal resolution. We
can expect to measure all direction forces by designing appropriate
frames in order to embed them in a robot ﬁnger. The device is also
suitable for other applications.
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